Background-Since its beginnings newborn screening for cystic fibrosis (CF) using an assay for immunoreactive trypsinogen (IRT) has been plagued by a high number of false positive results, i.e., screen-positive / diagnosis negative, despite attempts to reduce them through use of altered cutoffs and 2 nd tier DNA testing. IRT exists as two isoforms: IRT1 and IRT2, with IRT2 being more closely aligned with pancreatic disease, including CF. Standardization among programs using current IRT assays recognizing either one or both isoforms is a continuing problem. Here we report the development of a multiplexed assay for both forms of IRT simultaneously.
Introduction
Newborn screening for cystic fibrosis (CF) has evolved following the report in 1979 by Crossly et al. (1) that blood immunoreactive trypsinogen (IRT) levels are elevated in newborn infants with CF. There are several molecular forms of IRT; the two major forms secreted by exocrine cells of the pancreas are trypsinogen 1 (cationic trypsinogen, IRT1) and trypsinogen 2 (anionic trypsinogen, IRT2) (2) (3) . Normally the IRT1 form is present in higher levels; however, in pathological conditions such as pancreatitis the IRT2 form becomes predominant (4) . Today 46 states provide NBS for CF, all using IRT for the initial screen. In New York state in 2008, the most recent year with complete data, 1585 infants were screen positive of which 53 were confirmed with CF, a ratio of 30:1 screen positive to confirmed CF. Second tier testing after an initial screen positive can use a number of different protocols (12) in an effort to minimize the number of false positive results, such as IRT positives tested again on newly collected specimens, for example, IRT test followed by DNA analysis on that same first specimen, and others.
A number of investigators have developed immunoassays to IRT, and commercial assays currently in use have employed both monoclonal and polyclonal antibodies for IRT (5) (6) (7) . The heterogeneous nature of IRT and differing specificity of antibodies to the various components have raised issues with the standardization and external QC of the assay. As noted by Li et al. (8) , the lack of a universally acceptable IRT standard has made the comparison of absolute IRT values among commercial immunoassays difficult. As reported by Lafont (11) trypsin exists in many forms in the serum but is not recognized equally among immunoassays, thus contributing to the discordant results when comparing one assay with another.
In the present study we report development of a suspension array multiplexed immunoassay for the two specific isoforms of trypsinogen IRT1 and IRT2. The specificity of the assay for the two isoforms allows development of external QC for the heterogeneous forms of IRT and allows for analysis of the IRT1 to IRT 2 ratio as a potential added parameter before referral for mutation analysis.
Materials and Methods

Antibody Reagents
Anti-trypsin isoform specific monoclonal antibodies were coupled to Luminex xMAP microspheres according to the instructions provided by Luminex (http://Luminexcorp.custhelp.com) with 100 µg of IRT1 capture monoclonal antibody (HYB 021-08-02, Affinity Bioreagents) of Luminex carboxy microspheres, region 177 (L-100-C177-04). Similarly, 100 µg of IRT2 capture monoclonal (8607, Medix Biochemica), was coupled to 5×10 6 beads of the Luminex carboxy microspheres, region 183 (L-100-C183-04).
Polyclonal detector antibody (K50900R, Biodesign International, http://meridianlifescience.com) was biotinylated using the Fluoreporter biotin-XX labeling kit (Invitrogen, http://www.invitrogen.com/site/us/en/home.html) according to manufacturer's instructions. A sheep polyclonal anti-trypsin with the biotin label from the manufacturer (BAF3586, R&D Systems) was used. The two antibodies were combined to make the detector mix, with K50900 at a concentration of 5.0 µ/mL and BAF3586 at 1.25 µg/mL.
The performance of the antibodies was determined by titer to evaluate affinity and sensitivity, and by cross-reaction tests to evaluate their specificity. The concentration of each antibody was titrated to achieve optimal performance.
Assay Calibrators
IRT1 calibrators from the standard method kit (MP Biomedical) were used. These calibrators were prepared with IRT1 only (personal communication with MPB). IRT2 calibrators were prepared from recombinant IRT2 (R&D Systems). Serum was treated with activated charcoal according to the method of Li et al. (8) and combined with washed red blood cells and the hematocrit was adjusted to 55%. Aprotinin (Sigma Chemical) a trypsin protease inhibitor was added at a concentration of 1 mg/L. The reconstituted whole blood was enriched with the recombinant IRT2 and dispensed to make the dried blood spot calibrators. The spots were air dried overnight, packed in plastic bags with desiccant and stored frozen at −20°C.
Assay Procedure
Assay buffer (pH 7.4) was prepared containing phosphate buffered saline, 0.055% Tween 20, 0.05% sodium azide, 0.2% gelatin. Aprotinin, 1mg/L, (Sigma Chemical Co.) was added to the assay buffer to prepare the spot elution buffer. The dried blood spots (a single 3 mm punch per well) were eluted overnight at room temperature in 100 µl of elution buffer with gentle shaking. For the assay, 75 µl of the sample eluate was combined with 25 µl of the trypsin 1 and trypsin 2 bead mix in order to obtain 2000 microspheres per well for each of the analytes. The capture incubation was for 3 h at 37°C with gentle shaking. Microspheres were washed three times in 100 µl assay buffer, then 100 µl of the anti trypsin detector antibody mix was added to each well. The detector antibodies were incubated for 1 h at 37°C with gentle shaking, and the microspheres were again washed three times with 100 µl assay buffer. For detection, 100 µl of streptavidin phycoerithrin (Invitrogen, S-866) was added at 4µg/mL, and incubated for 30 min at 37°C. The assay plate was aspirated and the microspheres re-suspended in 100 µl of Luminex sheath fluid for analysis.
Analysis and data collection were performed in multiplex acquisition mode on the Luminex 100 instrument. Luminex software LX100 IS 2.3 calculated the results expressed in median fluorescence intensity (MFI) of 100 microspheres of each set. The software LiquiChip Analyser 1.0 (Qiagen) was used to analyze the data.
Samples
All newborn specimens assayed were provided by the New York State Department of Health Newborn Screening Laboratory (NBS) under Institutional Review Board (IRB) Protocol number 07-016. In compliance with the IRB number identifying information was transferred with the specimens, only the CF screening results (IRT and DNA status) were maintained. The IRT screening results were determined with the Blood Spot Trypsin MW ELISA (cat #07596307, MP Biomedicals, Inc., www.mpbio.com). In the NBS IRT assay, and in our assay, all samples were measured in singlicate.
Results
We prepared calibrators with and without aprotinin and determined that calibrators without aprotinin had less than 60% recovery compared with the calibrators with aprotinin. Also, it was noted that the calibrators and buffer of the standard method (MP Biologicals kit) contain aprotinin.
Development and optimization of assay
Each immunoassay was developed separately and optimized for affinity, sensitivity and specificity. The assays were then combined into a multiplex format. The specificity was tested for IRT1 and IRT2; as capture antibodies we used anti-trypsin isoform specific monoclonal antibodies; in the multiplex assay, we detected no cross-reactivity between the antibodies to IRT1 and IRT2, as determined by calibration curves. Although the lower limit of quantification is not important in these assays (the program screens for greatly elevated IRT), antibody concentrations were optimized to obtain sensitivity at 13ng/ml for IRT1 and at 8 ng/ml for IRT2. Using the mean of eight independent values for each concentration of calibrators, we examined the assays' precision profiles; the CVs were approximately 7% for the lower concentrations of IRT2 and 12% for the lower concentrations of IRT1. Standard curves were linear up to the highest standard concentration used in the IRTS assay (250 ng/ ml). Intra-and inter-assay variations were calculated from controls with three levels of IRT concentrations (75, 195, 284 ng/ml for IRT1; 31, 62, 125 ng/ml for IRT2); intra-assay evaluations were performed over a three week period using 14 plates, with the inter-assay variation calculated from each plate. At all concentrations, the inter-assay CV were from 6% to 14% for IRT1 and from 9% to 10% for IRT2. The intra-assay CV for both ITR1 and IRT2 were from 0% to 18% (data not shown).
Correlation study
We compared samples analyzed in the IRT1-IRT2 assay with the values obtained from the standard method. The selection criteria for the NBS samples analyzed in the correlation study were specified for low to high IRT values: 3 mm punches from 168 blood spots with values determined by the NBS laboratory were divided into 5 groups as shown in TABLE 1. IRT+IRT2 assay values were compared with the standard method (IRTS) and had a correlation coefficient of 0.75 (FIGURE 1), with a mean IRT+IRT2 value lower than the IRTS, IRT1+IRT2 (X=63.8+/−SD 62.6), and IRTS (X=92.9+/−SD 69.0). This is not surprising due to the different formats of the assays and different antibodies (11) . Of the 133 samples that were screen negative by the IRTS assay, 11 were screen positive using the IRT1+IRT2 assay. Having no link to the original specimen, it was impossible to retest and verify these findings. Of the 35 cases screen positive by the IRTS, 11 cases were screen negative by the IRT1+IRT2 method. Each of these screen negative cases had been confirmed to have no CF mutations by the screening program in its second tier mutation analysis and was reported as negative for CF.
Also, we tested the IRT2 spiked DBS calibrators in the standard method, none of the calibrators (ranging from 0 to 1000 ng/ml IRT2) had IRT2 measurement above background. Therefore, we conclude that this ELISA kit does not detect IRT2. This is of some concern, given that IRT2 has been reported to be increased in CF patients (1, 4).
Screen Positive Sample Evaluation
The samples screened positive by IRT/DNA analysis in NY NBS laboratory consisted of a total of 19 confirmed positive cases with two CF mutations, eight confirmed positive cases with one CF mutation, and 137 cases confirmed as non-cystic fibrosis with no CF mutations detected. The screen positive cut-off established by the NY NBS laboratory for the standard method is a value ≥ 170ng/mL. The screen positive sample evaluation shown in TABLE 2 indicated that a total trypsin (sum of IRT1 and IRT2) cut-off of >97ng/mL would be necessary to achieve 100% sensitivity for the confirmed disease population. TABLE 3 shows the analysis of eight single mutation CF carriers that were screen positive as established by the ≥170ng/ml cut-off for the IRTS assay. Seven of these carriers would also screen positive by use of the IRT1+IRT2 with cut-off of >97ng/mL.
In the correlation study plus the population study 137 cases that were screen positive by the IRTS assay with no CF mutations detected, 26 would be screen negative using the IRT1+IRT2 cut-off of >97ng/mL, a reduction of 19% in the false positive rate in this selected study population.
Population study
A total of 597 population study samples were analyzed, the distribution is shown in FIGURE 2. Two cases in this population were screen positive by the IRT1+IRT2 criteria; of these, one case fell within the top 5% of the IRTS method and had one CF mutation detected, the second case was screen negative by the IRTS.
Analysis of three cases of confirmed disease with an IRTS value below the 170 ng/mL cutoff is shown in TABLE 4. Two of the three cases would be screen positive using the IRT1+IRT2 assay criteria, with values greater than 97ng/ml.
Discussion
The false positive rate in newborn screening for CF has remained persistently high, despite numerous attempts to lower it (12) . To reduce this, one unexplored approach, use of the two isoforms of trypsin, was examined in these studies. The goal in this study was the development of a multiplexed assay for CF using the two major trypsinogen isoforms that would meet screening standards for clinical accuracy when compared with current commercial NBS IRT assays.
The correlation study showed substantially equivalent performance of the assays in segregation of a screen positive population. Importantly for the 11 discrepant cases that were screen positive in the IRTS but reported as screen negative since no mutations had been detected in them by the screening program, all were screen negative in the IRT1+IRT2 assay, suggesting a greater specificity for the multiplex assay. [The current protocol of New York state NBS program considers samples with IRT values ≥170 ng/ml as screen positive regardless of mutation analysis results.] Using the IRT1+IRT2 cut-off of >97 ng/ml we achieved a reduction of 19% in the false positive rate in this selected study population.
Analysis of a screen positive population with confirmed disease indicated that a cut-off of ≥97 ng/mL in the IRT1+IRT2 assay would be needed to achieve 100% sensitivity for these samples. Although this cut-off is substantially lower than the one developed for the IRTS method of 170 ng/mL, it is nearer to one of 112 ng/mL cut-off reported for a monoclonal antibody based method for total IRT (7). It is likely that more specific immunoreactivity is observed when measuring the two isoforms as reported here.
Cystic fibrosis carriers have been shown to have higher IRT values than the normal population (9-10). In a screening program in which the goal is detect disease and not carrier status, discrimination of disease states from carried states could be of great help. In these studies use of the sum of IRT1+ IRT2 was unable to discriminate the carrier population, with seven of eight carriers screen positive by the IRTS assay also screen positive by the IRT1-IRT2 criteria.
Moreover, the ratio of IRT1 to IRT2 was unable to distinguish carriers from unaffected, as proposed by Itkonen et al. (4) .
In three cases identified with confirmed disease that had an IRTS below the cut-off [per NBS protocol], two were screen positive by our assay criteria (TABLE 3) . More studies are needed to determine whether these results indicate that the IRT1+IRT2 assay has greater sensitivity.
This study demonstrates that the IRT1+IRT2 multiplexed assay for CF has substantial equivalence in detecting screen positive specimens compared with the standard IRT method. Thus, this multiplexed assay for the two IRT isoforms has equal sensitivity in detecting CF and could offer improved specificity over the standard single-analyte methods used in newborn screening. The specificity of the antibodies for the two isoforms might also provide advantages in the standardization and in the preparation of external QC materials (9) .
Perhaps most importantly, the multiplex format allows additional biomarkers e.g., pancreatitis associated protein (13) , to be added in the future to improve the specificity of this assay. Building on our previous work with multiplex assays (14-16), the assay described here brings us one step closer to even more comprehensive multiplex assays for newborn screening; the combination of this CF assay with immunoassays for congenital hypothyroidism, and congenital adrenal hyperplasia into a single assay for the three current immunoassays used by NBS, thereby saving time in the screening laboratory, specimen usage, and perhaps at a lower cost.
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